Open reading frame P (ORF P) maps in the viral DNA sequences transcribed during latency and is located antisense to the ␥ 1 34.5 gene. Earlier studies have shown that the expression of ORF P is repressed by an infected cell protein no. 4 binding site straddling the transcription initiation site. We have made monospecific polyclonal antibodies to the protein and constructed a virus, designated ORF P؉؉, in which the infected cell protein no. 4 binding site has been mutagenized, thereby allowing full expression of an unmodified ORF P gene from its natural promoter. We report the following findings. (i) The native protein forms multiple bands on denaturing polyacrylamide gels suggestive of extensive processing and aggregation of the protein; (ii) the protein accumulates in the nucleus in rod-shaped structures perpendicular to the axis of attachment of the infected cell to the solid matrix; (iii) the virus was highly attenuated on inoculation into mice by the intracerebral or ocular route, and virus was not recovered upon explantation of trigeminal ganglia; (iv) although protein synthesis was not prematurely shut off in the human neuroblastoma cell line SK-N-SH, ␥ 1 34.5 protein was not detected in immunoblots. Analyses of electrophoretically separated denatured RNAs indicated that in cells infected with the ORF P؉؉ virus, there was a large increase in the amount of ORF P RNA and a corresponding decrease in the amount of ␥ 1 34.5 RNA. We conclude that either the overproduction of ORF P protein blocks the expression of some herpes simplex virus 1 genes or derepression of the transcription of ORF P has a negative effect on the transcription of the antisense, ␥ 1 34.5 RNA.
An overriding question regarding the biology of herpes simplex virus 1 and 2 (HSV-1 and HSV-2, respectively) is the mechanism(s) by which the expression of genes required for productive infection is blocked during the latent phase of viral sojourn in humans. The only region transcribed in latently infected cells is a 8.5-kbp domain situated largely within the inverted repeats ab and bЈaЈ flanking the unique long sequence of the HSV genome (8, 9, 20, 28, 30, 34) . Products of the transcribed domain, the abundant 2-and 1.5-kb nuclear RNAs, play no discernible role in the establishment of latency or reactivation, whereas the 8.5-kb species is at best involved in reactivation and plays no role in the establishment of latency (2, 12, 15, 18, 27, 29) (reviewed in reference 13). The hypothesis that has been put forth to explain the establishment of the latent state is that either viral gene expression is blocked by cellular transcriptional factors or appropriate factors are missing from cells harboring latent virus. The establishment of latency, maintenance of the latent state, and reactivation are significant viral functions required for the survival of the virus in its human host (24) . The HSV-1 genome encodes approximately 80 different genes, many of which serve accessory functions designed to enable the virus to infect cells, replicate, spread more efficiently, and disable the cell and multicellular host response to infection (reviewed in reference 31). The notion that HSV relies solely on cellular factors for the maintenance of latency seems paradoxical and contradictory to the sophistication of its gene content. To probe the notion that the virus indeed encodes functions involved in the establishment and maintenance of latency, this laboratory began to examine in more detail the open reading frames (ORFs) in the genome domain transcribed during latency. Within the 8.5 kbp transcribed during latency, 16 ORFs encoding more than 50 codons were identified and labelled ORF A through ORF P (16) . Five ORFs were tagged with an epitope to an available human cytomegalovirus antibody, and we reported that ORF P is expressed (16) . This report describes further studies designed to characterize the ORF P protein, with the following relevant points.
(i) While these studies were ongoing, two reports described a promoter and an RNA subsequently shown to pertain to the ORF P gene. Bohensky et al. (3) reported the existence of a promoter, and Yeh and Schaffer (33) found an RNA consistent with an RNA that is 3Ј coterminal with the 8.5-kb latencyassociated transcript and initiates from the promoter described by Bohensky et al. (3) . ORF P is expressed from and completely contained in this RNA (16, 33) . Yeh and Schaffer (33) reported that the RNA they detected was made only in the absence of functional infected cell protein no. 4 (ICP4), a protein known to transactivate viral genes and repress its own transcription. Yeh and Schaffer concluded that the synthesis of this RNA required one or more ␣ genes but was repressed by ICP4 (33) . The transcription initiation site of ORF P is within a high-affinity ICP4 binding site, similar to that present at the transcription initiation of the gene encoding ICP4 (11, 19) . Michael and Roizman (19) showed that the mutagenesis of ICP4 had a profound effect in derepressing the activity of the ICP4 promoter. Mutagenesis of the ICP4 binding site at the transcription initiation site of ORF P had an even more pronounced effect (17) . These studies also demonstrated that ORF P could be expressed in the absence of de novo protein synthesis (17) . The ability of this gene to be expressed in the absence of viral protein synthesis and the complete repression of this gene by ICP4 suggested that ORF P is a pre-␣ gene, i.e., expressed under conditions in which the ␣ genes are not expressed.
(ii) The 248 codons making up ORF P of the HSV-1(F) strain are almost entirely antisense to those of the ␥ 1 34.5 ORF; thus, only 23 codons of ␥ 1 34.5 extend 5Ј of the translation initiation codon of ORF P and only 8 ORF P codons extend 5Ј of the translation initiation codon of the ␥ 1 34.5 ORF (16). The ␥ 1 34.5 gene suppresses the shutoff of protein synthesis induced in a variety of cells by cellular functions triggered by the onset of viral protein synthesis (5-7). ␥ 1 34.5 Ϫ mutants are totally avirulent on inoculation in a mouse brain and exhibit a gross reduction in the amount of DNA harbored in latently infected neurons and in reactivable virus (4, 32) .
Earlier studies of ORF P products tagged by an epitope to an available monoclonal antibody to a human cytomegalovirus glycoprotein were done (16, 17) . In this report, we describe the properties of a monospecific polyclonal antibody to ORF P, a virus containing derepressed, native ORF P genes, and evidence that such viruses are avirulent in an animal model, possibly because of overexpression of the protein or the strong antisense effect of the derepressed ORF P on ␥ 1 34.5.
MATERIALS AND METHODS
Cells and viruses. HSV-1(F), a limited-passage virus, is the prototype HSV-1 strain used in this laboratory (10) . The recombinant viruses used were previously described as follows. HSV-1(F)⌬305 lacks the 501-bp BglII-SacI fragment from the domain of the thymidine kinase (tk) gene (21) . R3659 contains the coding domain of the tk gene linked to the ␣27 promoter in place of the BstEII-StuI sequences from the BamHI S fragment (17) . In R7528, the ICP4 site at the transcription initiation site of ORF P was destroyed by mutagenesis and a sequence encoding the cytomegalovirus epitope described elsewhere was inserted into ORF P in frame (17) .
Viral stocks and titrations of the recombinant viruses were done in Vero cells (American Type Culture Collection). Transfections of viral DNAs were done in rabbit skin cells originally obtained from J. McClaren. By the method previously described (22) , the selection for tk ϩ viruses was done on 143TK Ϫ cells overlaid in HAT medium (Dulbecco modified Eagle medium containing 5% fetal bovine serum, hypoxanthine, aminopterin, and thymidine), whereas the selection for tk Ϫ viruses was done on 143TK Ϫ cells overlaid with Dulbecco modified Eagle medium containing 5% newborn calf serum and 40 g of bromodeoxyuridine per ml of medium. Viral DNAs were isolated from infected cells and purified on NaI gradients or a 5 to 20% KAc gradient, as described elsewhere (14) .
Antibodies. Rabbit monospecific antiserum to ␥ 1 34.5, BR4, has been described elsewhere (1) .
Plasmids. Plasmid pRB4794 (17) contains the NcoI fragment of the BamHI S fragment and includes DNA sequences extending from the start codon of ␥ 1 34.5 to 950 bases upstream of the ORF P transcript; it was used as a probe for the analyses of ORF P RNA and DNA and to repair R7530. The oligonucleotides used to replace the sequences flanking the ORF P transcription initiation site between the BspEI and MscI sites in the BamHI S fragment and to mutate the ICP4 binding site at the cap of the ORF P to create the recombinant virus R7530 were cloned in plasmid pRB4855. This plasmid and the sequences of these oligonucleotides were described elsewhere (17) .
Analyses of viral DNAs. Viral DNAs were digested with NcoI and EcoRI or with NcoI, EcoRI, and BstEII; subjected to electrophoresis on a 28-cm-long, 0.8% agarose gel; and transferred to a Zeta probe membrane, as recommended by the manufacturer (Bio-Rad, Richmond, Calif.). The membrane was rinsed in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate); soaked in a prehybridization solution containing 30% formamide, 6ϫ SSC, 1% milk, 1% sodium dodecyl sulfate (SDS), and 100 g of single-stranded calf thymus DNA per ml for at least 30 min at 68ЊC; and then hybridized in the same solution and at the same temperature with 1 ϫ 10 6 to 5 ϫ 10 6 cpm of the appropriate denatured 32 P-labelled probe, as previously described (16) . Autoradiographic images were made by overnight exposure to Kodak XAR5 film.
Production of rabbit polyclonal antiserum against ORF P. The 287-bp XmaI fragment from the BamHI S fragment containing 95 codons of ORF P near the C terminus was cloned in frame into pGEX-3X (Pharmacia) and used to transform Escherichia coli BL21. The glutathione S-transferase (GST)-ORF P fusion protein was expressed and purified as recommended by the manufacturer (Pharmacia). Two rabbits were inoculated by the normal protocol at Josman Laboratories (Napa, Calif.), which includes five subcutaneous injections of 1 mg of purified fusion protein at 14-day intervals. The sera used in the studies reported here were collected 2 weeks after the last immunization.
Immunoblots. Immunoblots were done as described previously (16) . Briefly, infected cells were scraped into phosphate-buffered saline (PBS); pelleted by low-speed centrifugation; resuspended in disruption buffer containing 0.7 M ␤-mercaptoethanol, 2% SDS, 50 mM Tris, and 2.75% sucrose; sonicated briefly; denatured by boiling; and subjected to electrophoresis on denaturing 12% polyacrylamide gels. Proteins were electrically transferred to nitrocellulose, blocked, reacted with the appropriate antibody and then with secondary goat anti-rabbit immunoglobulin G (IgG) conjugated to alkaline phosphatase, and processed, as recommended by the manufacturer (Bio-Rad).
Immunofluorescence. Vero cells seeded on microscope slides containing four wells were exposed to 10 PFU of HSV-1(F) or R7530 per cell and incubated for 14 h at 37ЊC. Cells were fixed in methanol at Ϫ20ЊC, blocked in 1% bovine serum albumin in PBS for at least 1 h, reacted with the anti-ORF P antiserum for 1 to 2 h, rinsed, reacted with secondary goat anti-rabbit IgG conjugated to Texas red, rinsed, and mounted in 10% PBS in glycerol. Slides were examined with a Zeiss confocal microscope, captured with software provided by the manufacturer, and printed with a CP210 Codonics digital printer.
Intracranial inoculation of mice. CBA/J mice (4.5 weeks old) from Jackson Laboratory were anesthetized with pentobarbital sodium (Nembutal), and six mice were injected intracranially with 10-fold dilutions of each virus in 50 l. Mice were monitored daily; mortality from day 2 to day 21 after infection was attributed to the inoculated virus. The PFU-to-50% lethal dose (LD 50 ) ratios were calculated by the method of Reed and Muench (23) .
Assays of viral replication in trigeminal ganglia and eyes. CBA/J mice (4.5 weeks old) from Jackson Laboratory were anesthetized and inoculated with 10 l of virus on scarified corneas as previously described (26) . Mice were sacrificed at 1 or 3 days after infection. The eyeballs and trigeminal ganglia were removed, placed in 1 ml of 199V containing nystatin, ground up in a mechanical tissue grinder, and plated on Vero cells. Plaques were counted 2 days after the cells were seeded on Vero cells. RNA blots. Vero roller bottle cultures were exposed to 10 PFU of HSV-1(F) or R7530 virus per cell and incubated at 37ЊC. Cells were harvested, and RNAs were extracted at 6 h after infection for analyses of ORF P RNAs and at 13 h after infection for analyses of ␥ 1 34.5 RNAs. RNA blots were done as described previously (25) . Briefly, 20 g of total cytoplasmic RNA was used for ORF P lanes and 800 g of cytoplasmic RNA was poly(A) purified (Promega Poly ATtract system IV) for ␥ 1 34.5 lanes. Denatured RNAs were separated by electrophoresis on 1.5% agarose-formaldehyde gels and transferred to a Zeta probe membrane. Labelled RNA probes were generated by SP6 transcription of plasmid pRB4794 for analyses of ␥ 1 34.5 RNAs and by T7 transcription of pRB4794 for analyses of ORF P RNAs. The hybridization conditions were previously described (25) . After hybridization, the Zeta probe membranes were extensively rinsed and exposed to Kodak XAR autoradiography film for 1 to 3 days.
RESULTS
Construction of a recombinant virus with a mutation in the ICP4 binding site located at the transcription initiation site of the ORF P transcript. Elsewhere, this laboratory reported the construction of a recombinant virus, R7528, in which the ICP4 binding site located at the transcription initiation site of ORF P was destroyed by mutagenesis. Since the objective of that study was to determine whether ICP4 represses the expression of ORF P, the ORF P was tagged with an epitope reacting with a known mouse monoclonal antibody (17) . To study the phenotype of a mutant in which ORF P is overexpressed, we generated the same mutation in the ICP4 binding site with wild-type ORF P coding sequences. This virus was made in two steps as described previously and as depicted in Fig. 1 . A deletion mutant, R3659, was used as the parent virus. In this mutant, the 2-kbp BstEII-to-StuI fragment in the domain of the ␥ 1 34.5 and ORF P genes was replaced with the coding sequences of the HSV-1 tk gene fused to the ␣27 gene promoter (␣27-tk) (Fig. 1, line 4) . The DNA of this recombinant gives a fragment of the expected size (Fig. 1, line 5 ) when digested with NcoI and EcoRI (Fig. 2, lane 4) and with NcoI, EcoRI, and BstEII (Fig. 2, lane 5) . The 90-bp BspEI-to-MscI fragment of the BamHI S fragment was replaced by an oligonucleotide containing the identical sequences, except that the ICP4 binding site at the transcription initiation site of ORF P was mutated to abolish the binding of ICP4 and to create an EcoRI VOL. 70, 1996 OVEREXPRESSION OF HSV-1 ORF Pcleavage site. The resulting plasmid was designated pRB4855. A recombinant virus (R7528) containing an identical mutated ICP4 binding site has previously been shown to overexpress a tagged version of the ORF P protein. pRB4855 was cotransfected with intact R3659 viral DNA on rabbit skin cells, and the progeny of transfection were plated on 143TK Ϫ cells in the presence of bromodeoxyuridine. A tk Ϫ mutant virus was isolated, plaque purified, and designated R7529. Then the tk gene was repaired at its natural wild-type location, and the resulting recombinant virus was designated R7530 (Fig. 1, line 6 ). The presence of the mutated binding site was verified by the presence of the novel EcoRI restriction site (Fig. 2, lane 2) . Since the NcoI-EcoRI double digest gave a doublet band that did not separate on a 0.8% gel, a triple digest with NcoI, EcoRI, and BstEII which removed 80 bases from one of the NcoI-EcoRI fragments was done, and the two bands could then be separated, thus further verifying the presence of the novel EcoRI site (Fig. 1, line 7 , and 2, lane 6). To facilitate the description of results obtained with virus R7530, we hereafter refer to it as ORF Pϩϩ.
Finally, as is necessary in all instances in which the phenotypes of deletion mutants are tested, the mutation in the ICP4 binding site was repaired by cotransfection of intact ORF Pϩϩ viral DNA with plasmid pRB4794, which contains HSV-1 DNA sequences extending from the initiation codon of ␥ 1 34.5 to 950 bases upstream of the ORF P transcript. The progeny of transfection were plaque purified and analyzed by restriction endonuclease digestion for the presence of a wild-type pattern. One isolate which showed a wild-type restriction endonuclease pattern (Fig. 1, line 9 , and 2, lanes 3 and 8) was designated R7531 and used in subsequent studies.
Replication In line 4 is the sequence arrangement of the relevant domain of recombinant R3659, in which the StuI (St)-BstEII (Bs) fragment from the domains of ORF P and ␥ 1 34.5 was replaced by the chimeric ␣27-tk gene. This replacement also occurs in the other inverted repeat (data not shown). In line 6 is the sequence arrangement of the relevant domains of recombinant R7530, in which the ␣27-tk of R3659 was replaced with sequences containing unmodified ORF P and ␥ 1 34.5 coding sequences and a mutated ORF P transcription initiation site containing a diagnostic EcoRI site. In line 8 is the sequence arrangement of the relevant domain of recombinant R7531, in which the mutation in R7530 was repaired to restore wild-type sequences. In lines 3, 5, 7, and 9 are shown the expected sizes of bands generated by restriction enzyme digestion with NcoI (Nc) and EcoRI or with NcoI, EcoRI, and BstEII and probed with a plasmid containing the HSV-1(F) NcoI-NcoI fragment of the BamHI S fragment. HSV-1(F) would be expected to yield bands A and G, respectively; R3659 would be expected to yield band D; R7530 would be expected to yield a double band B or E and F, respectively; R7531 would be expected to yield bands C and H, respectively.
FIG. 2.
Autoradiographic image of electrophoretically separated viral DNA fragments containing sequences homologous to a region of ORF P. Viral DNAs were digested with either NcoI and EcoRI (lanes 1 to 4) or NcoI, EcoRI, and BstEII (lanes 5 to 8); electrophoretically separated on a 0.8% agarose gel; transferred to Zeta probe membranes; hybridized to radiolabelled DNA of plasmid pRB4794 containing the NcoI-NcoI fragment of the BamHI S fragment; and exposed to Kodak XAR5 film. The predicted sizes of the fragments generated by cleavages (bands A through H) are shown in Fig. 1.   1812 LAGUNOFF ET AL. J. VIROL.
boxyl terminus was made by the insertion of a 287-bp XmaI fragment from pRB143 containing the BamHI S fragment into the XmaI site of pGEX-3X. The fusion protein was purified on glutathione beads, and a total of 10 mg of purified GST-ORF P fusion protein was inoculated into two rabbits. To test antisera, lysates from uninfected cells and from cells infected with HSV-1(F), ORF Pϩϩ, the repaired virus, or R7528 and maintained at 37ЊC were solubilized, electrophoretically separated on a denaturing gel, transferred to a nitrocellulose sheet, and reacted with rabbit antisera. As shown in Fig. 3 , antiserum from one of the rabbits reacted with electrophoretically separated lysates from cells infected with ORF Pϩϩ and R7528 and maintained at 37ЊC but did not react with corresponding lysates from cells infected with wild-type or repaired virus. In an earlier report, it was shown that ORF P tagged with a cytomegalovirus epitope formed three sets of bands late in infection, designated ORF Pa, -b, and -c in decreasing order of the rate of electrophoretic mobility (17) (Fig. 4, lane 4) . This rabbit antiserum reproducibly reacted with two sets of doublet bands in lysates of ORF Pϩϩ-infected cells expressing native ORF P (Fig. 4) . One set of bands, designated a, b, and c (Fig.  4 , lane 2), migrated slightly more rapidly than did the epitopetagged bands expressed by R7528 (Fig. 4, lane 4) and exhibited an additional more rapidly migrating, fainter band, designated the ORF Pd band (Fig. 4) . The second set, designated aЈ to dЈ, showed the same general appearance as that of bands a to d, except that their electrophoretic mobilities were much slower. Bands aЈ to dЈ contained proteins whose apparent molecular weights were greater than those which could be specified by ORF P. The apparent molecular weights of the proteins in various bands were 31,000, 36,000, 40,000, and 28,000 for ORF Pa to ORF Pd, respectively, and 59,000, 64,000, 68,000, and 54,000 for ORF PaЈ to ORF PdЈ, respectively. One hypothesis which we cannot dismiss is that the bands represent multimers, most likely, dimers of ORF P, which are stable during boiling in a denaturing solution containing SDS and ␤-mercaptoethanol. Cells infected with tagged ORF P also produced more slowly migrating bands which reacted with rabbit serum (Fig. 4 , lane 4), but these were fainter and not as sharp as those formed by authentic ORF P protein. 2 -flask cultures were infected for 14 h at 37ЊC with HSV-1(F), R7530, R7531, or R7528 (20 PFU per cell); harvested; solubilized; electrophoretically separated on denaturing gels; transferred to a nitrocellulose sheet; and reacted first with polyclonal antiserum to the GST-ORF P fusion protein, then with goat anti-rabbit IgG conjugated to alkaline phosphatase, and finally with the alkaline phosphate substrate as recommended (Bio-Rad). R7530 and R7528 contain a mutated ICP4 binding site at the transcription initiation site of the ORF P transcript; R7528 also contains an epitope tag in the ORF P coding sequences. In lane 2, bands a, b, c, and d form a set of bands recognized by this antiserum and bands aЈ, bЈ, cЈ, and dЈ represent a second set of bands which are arranged in a pattern similar to that of bands a through d but which migrate more slowly.
Localization of native ORF P protein in infected cells. Vero cells seeded on microscope slides were infected with HSV-1(F)
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or ORF Pϩϩ and incubated for 14 h at 37ЊC. Cells were fixed and reacted first with rabbit antiserum to GST-ORF P and then with goat anti-rabbit IgG conjugated to Texas red. Cells infected with ORF Pϩϩ showed distinct nuclear fluorescent granules, whereas HSV-1(F)-infected cells showed lighter more diffuse fluorescence associated with the nuclear rim and cytoplasm and attributed to the Fc receptor (data not shown). Nuclear granules were examined by analyses of digitized images of serial 0.5-m-thick sections reconstructed with a Zeiss confocal microscope through the z axis (basolateral to apical). As shown in Fig. 5 , the nuclear granule could be traced in every digitized section from the basal to the apical surfaces of the nucleus. Similar rod-like structures perpendicular to the axis of attachment of infected cells to the solid substrate were also seen in cells infected with virus carrying cytomegalovirustagged ORF P, but in that instance they were more numerous and scattered (17) . The images of native ORF P differ from those obtained with the tagged protein in that the diffuse nuclear staining seen in nuclei containing the tagged protein was absent. From these studies, we conclude that native ORF P protein does indeed form rod-like structure extending from the inner basal to the apical surfaces of the nucleus. The phenotype of ORF P؉؉ virus in mice. Three series of experiments were done. In the first series, 4.5-week-old mice were inoculated intracranially, as previously described (4), with 10-fold dilutions of wild-type HSV-1(F), ORF Pϩϩ, or the repaired virus. Mice were monitored daily, and deaths were scored from 2 to 21 days after infection. The PFU/LD 50 ratios for the wild-type and repaired viruses were comparable (290 and 200, respectively), whereas ORF Pϩϩ exhibited an approximately 2,000-fold-higher PFU/LD 50 ratio (4 ϫ 10 5 ). In the second series of experiments, mice were inoculated by the corneal route, as described in Materials and Methods. In these studies, trigeminal ganglia were removed 3 days after inoculation, ground, and plated on Vero cells. Plaque counts were determined 2 to 3 days after the inoculation of cells. ORF FIG. 5 . Digitized sections of Vero cells infected with R7530 and maintained at 37ЊC for 14 h. Cells were fixed in cold methanol and reacted first with polyclonal antiserum to the GST-ORF P fusion protein and then with goat anti-rabbit IgG conjugated to Texas red. Twenty 0.5-m-thick digitized image sections through the z axis were captured in a Zeiss confocal microscope and printed with a Codonics CP210 printer. The top left section is from the basolateral side of the cell.
Pϩϩ did not replicate in the trigeminal ganglia of mice, even though the ORF Pϩϩ inoculum contained 1,000-fold-more virus than the repaired-virus or HSV-1(F) inoculum did. Infectious virus was detected in ganglia infected with the repaired virus or HSV-1(F). It is not clear why two ganglia from mice infected with the repaired virus did not produce infectious virus, whereas other ganglia contained amounts of virus equivalent to those obtained from the ganglia of mice infected with wild-type virus. Given the small number of mice used in this study, the difference may have limited significance.
In the third series of experiments, mice were inoculated in each eye with 10 8 PFU of ORF Pϩϩ, 10 6 PFU of HSV-1(F), or 10 6 PFU of the repaired virus. The results shown in Table 1 indicate that comparable amounts of virus were recovered from the eyes of mice infected with wild-type or repaired virus, but approximately 10-to 100-fold-smaller amounts of virus were recovered from the eyes of mice infected with ORF Pϩϩ virus, despite an inoculum of 2 logs higher (in PFU per eye).
The phenotype of ORF P؉؉ virus in SK-N-SH human neuroblastoma cells. One explanation for the results obtained in animal studies was that overexpression of ORF P by ORF Pϩϩ resulted in a decrease in ␥ 1 34.5 gene expression. To test this hypothesis, three series of experiments were done.
The rationale for the first series of experiments was based on the observation that viral mutants which fail to express the ␥ 1 34.5 protein shut off viral protein synthesis prematurely in SK-N-SH cells (6) . In this series of experiments, replicate cultures of SK-N-SH cells were infected with 1, 10, or 20 PFU of HSV-1(F), ORF Pϩϩ, the repaired virus, or R3616 per cell. As shown in Fig. 6B , viral protein synthesis was detected at 14 h after infection in cells infected with wild-type, ORF Pϩϩ, or the repaired virus at all multiplicities of infection tested. As expected, the ␥ 1 34.5
Ϫ virus R3616 failed to prevent the premature shutoff of protein synthesis at all multiplicities tested.
The second series of experiments was based on the observation that the autoradiographic images of proteins synthesized in cells infected with ORF Pϩϩ appeared to be less intense than those infected with either HSV-1(F) or the repaired virus. To test the hypothesis that this decrease reflected underproduction of the ␥ 1 34.5 protein, electrophoretically separated proteins of cells described above were reacted with BR4 rabbit serum and then with goat anti-rabbit IgG conjugated to alkaline phosphatase. As shown in Fig. 6A , cells infected with HSV-1(F) or the repaired virus produced readily detectable amounts of ␥ 1 34.5 protein; cells infected with ORF Pϩϩ virus did not produce detectable amounts of ␥ 1 34.5 protein. ␥ 1 34.5 protein was detectable only upon prolonged reactivation of alkaline phosphatase with its substrate on gels with much larger amounts of protein lysate in each lane.
The purpose of the third series of experiments was to determine whether the reduction in accumulation of the ␥ 1 34.5 protein reflected the amounts of ␥ 1 34.5 mRNAs produced in cells infected with ORF Pϩϩ virus. In these experiments, Vero cells were infected with either HSV-1(F) or ORF Pϩϩ and harvested at 6 or 13 h after infection. Since in these cells ORF P was made early in infection (17) , total cytoplasmic RNA isolated from cells harvested 6 h after infection was probed for ORF P RNA, whereas purified polyadenylated cytoplasmic mRNAs isolated from cells harvested 13 h after infection were probed for ␥ 1 34.5 mRNAs. Autoradiographic images of denatured RNAs electrophoretically separated on denaturing gels and hybridized with appropriate probes are shown in Fig. 7 . In this series of experiments, rRNA as well as ␣22 RNA served as a loading control (data not shown). As predicted from previous studies, RNAs from HSV-1(F)-infected cells formed three bands which hybridized with the ␥ 1 34.5-specific riboprobe (5). These bands consisted of a 1.5-kb ␥ 1 34.5 mRNA, a 5.0-kb RNA which has previously been shown to be 3Ј coterminal with ␣0 mRNA and to contain the coding domains of both ␣0 and ␥ 1 34.5 ORFs, and a 3.5-kb transcript also present in extracts of mock-infected cells (data not shown). In contrast, as expected from earlier studies (16, 33) , the ORF P-specific probe failed to detect ORF P mRNA in lysates of HSV-1(F)-infected cells. RNAs extracted from ORF Pϩϩ-infected Vero cells, however, contained abundant quantities of the 2.3-kb RNA which hybridized with the ORF P-specific riboprobe. The ␥ 1 34.5-specific riboprobe failed to detect significant amounts of either 1.3-or 5.0-kb ␥ 1 34.5-specific mRNAs in extracts of ORF Pϩϩ-infected cells. 
DISCUSSION
In preliminary studies after the discovery of ORF P, we examined the accumulation of gene products by using a virus in which ORF P was tagged by an epitope for which a monoclonal antibody was available (17) . Those studies led to direct demonstrations that the expression of ORF P was repressed by ICP4 in productive infection and that mutagenesis of the ICP4 binding site derepressed gene expression and allowed the accumulation of large amounts of ORF P protein (17) . The discovery that the ORF P accumulating in infected cells under conditions permissive for productive infection was extensively processed relative to the protein accumulating under nonpermissive conditions was a key one (17) . The finding that ORF P protein is processed is consistent with the prediction that proteins involved in the establishment of latency are rendered inactive after the onset of productive infection but does not prove that the product of ORF P is such a protein.
The tagged ORF P protein was useful for preliminary analyses of its properties but was not useful for analyses of its biologic properties; hence, we constructed a virus in which ORF P is derepressed but which contains wild-type coding sequences and a repaired mutant to ensure that the phenotype we observe is attributable solely to the mutation introduced into the ORF Pϩϩ virus. The salient features of this report and their implications are as follows.
(i) The tagged ORF P formed multiple structures in the nuclei of infected cells (17) . Some of these structures could be traced in digitized sections and shown to form multiple rods extending in the nucleus from the basal to the apical surfaces of the inner nuclear membrane (17) . The native protein formed similar rods, but usually nuclei contained a single, more compact, rod-like structure. Also seen clearly with polyclonal antisera was a second set of bands that migrated significantly more slowly than did the first set, suggesting that it consisted of defined aggregates which withstood denaturation in SDS. The apparent molecular weights of the polypeptides in the slowly migrating bands suggest that they are dimers of the fast-migrating species. This set was present in diminished intensity and with less definition in electrophoretically separated lysates of cells infected with a virus carrying tagged ORF P. The results suggest that native ORF P, in various states of posttranslational modifications, forms defined multimeric aggregates which accumulate in a rod-like structure in the nucleus.
(ii) The ORF Pϩϩ virus was highly attenuated on intracerebral and ocular inoculations in mice, and no infectious ORF Pϩϩ virus was detected in trigeminal ganglia at the time when infectious wild-type virus was readily detected. Attenuation could not have been predicted from the behavior of this virus in SK-N-SH cells, inasmuch as the replication of ORF Pϩϩ virus was not significantly different from that of the HSV-1(F) parent (Fig. 3) . Since the phenotype of the restored virus was similar to that of the wild-type parent, the phenotype of the ORF Pϩϩ virus was due to the mutation introduced into the domain of the ORF P gene. Because the ␥ 1 34.5 gene is antisense to ORF P, the possibilities were that (i) overexpression of ORF P blocked the expression of a set of genes in experimental animal systems or (ii) the phenotype was due to doublestranded RNA formation or interference by excessive transcription of ORF P with the expression of the ␥ 1 34.5 gene. Analyses of SK-N-SH cells with wild-type, ␥ 1 34.5 Ϫ , ORF Pϩϩ, and repaired viruses indicated that in cells infected with ORF Pϩϩ, protein synthesis was only slightly reduced, but the amount of ␥ 1 34.5 protein was at the limit of detection in immunoblots (7) . Previous studies have shown that the amounts of ␥ 1 34.5 protein required to preclude the shutoff of protein synthesis were very small and also below the limit of detection in immunoblots. What is not known is whether the amounts of ␥ 1 34.5 made in cells infected with ORF Pϩϩ are sufficient to enable viral replication in murine neurons in situ. The solution to this problem is not simple, since dissociation of the two transcriptional units would not impede the formation of double-stranded RNA.
On another plane, the incompatibility of the simultaneous expression of ORF P and ␥ 1 34.5 genes raises the question of whether their convergence into two antisense transcriptional units has a significance other than that of evolutionary convenience. In wild-type virus, the two transcripts would not accumulate in the same cell to any significant amount. Could it be that the gene overlap and ICP4 binding site preclude the possibility that a mutant which expresses both genes simultaneously can survive in nature? At least a partial answer should emerge from current attempts to construct a virus in which an ORF P consisting of degenerate codons encoding an identical protein is expressed elsewhere in the genome.
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These studies were aided by grants from the National Cancer Institute (CA47451), the National Institute for Allergy and Infectious Diseases (AI124009), and the U.S. Public Health Service and by an unrestricted grant from the Bristol-Myers Squibb Program in Infectious Diseases. FIG. 7 . Photograph of RNA blots of cells infected with HSV-1(F) or R7530 and probed with sequences specific to ORF P or ␥ 1 34.5 transcripts. (A) Twenty micrograms of total cytoplasmic RNA from Vero cells infected for 6 h at 37ЊC was separated by electrophoresis on 1.5% agarose-formaldehyde gels, transferred to Zeta probe membranes, and hybridized with radiolabelled RNA probes specific to ORF P RNA generated by SP6 transcription of pRB4794. (B) Eight hundred micrograms of total cytoplasmic RNA from Vero cells infected for 13 h at 37ЊC was poly(A) purified, separated by electrophoresis on agarose-formamide gels, transferred to Zeta probe membranes, and hybridized with radiolabelled RNA probes specific for ␥ 1 34.5 RNA generated by T7 transcription of pRB4794.
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